We studied the expression of lysosomal acid phosphatase (LAP) in mouse by hybridizing Northern blots and tissue sections with the mouse LAP cDNA. Three mRNA species of 2.3,3.2 and 5.2 KB were identified, which differ in the length of their 3' unvanslated region (UTR). The 3.2 KB mRNA is expressed in equal amounts in all tissues and represents the major species in most tissues, whereas the amounts of the 2.3 and 5.2 KB species M e r . In situ hybridization of different tissues of adult mice showed a uniform expression of LAP, as expected for a housekeeping gene, except in testis and brain. In testis we found an inaease in the LAP mRNA level in spermatocytes. By Northern blot analysis of young mouse testis, this increase could be atuib-
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transport to the lysosomes, which indudes passage ofthe trum-Golgi, cell surface, and endosomes (Braun et al., 1989) , depends on a tyrosine-containing endocytosis signal in the cytoplasmic tail (Peters et al., 1990) . After transfer to the lysosomes, the precursor protein undergoes limited proteolytic cleavage of the cytoplasmic tail and the membrane anchor, which generates the soluble mature form of LAP (Gottschalk et al., 1989a,b) .
The genomic structure of human LAP has also been identified. The sequencing of its promoter region revealed the absence of typical TATA and CAAT boxes, a high GC content, two GC boxes, and a CpG island, characteristics indicating that LAP is a housekeeping gene (Geier et al., 1989) .
Little is known about the physiological importance of the LAP. Any definite information about natural substrates is lacking. Hu et al. (1990) proposed that mannose-6-phosphate-containing glycoproteins are substrates for LAP. Those authors observed that cells and tissues poor in LAP activity, such as human platelets and bovine testis, are rich in mannose-6-phosphate-containing forms of lysosomal enzymes, whereas tissues rich in LAP activity contain mostly forms of lysosomal enzymes that have lost their mannose-6-phosphate residues. Recent studies in mouse Ltk-cells overexpressing human LAP showed that the metabolism of mannose-6phosphate residues is independent of LAP (Bresciani and von Figura, personal communication) .
In the present study we analyzed the expression of the LAP gene in embryonic and adult mouse tissues.
Materials and Methods
Saeening of a Mouse Embryonic Library. Approximately 1 x lo6 plaques of a mouse embryonic library in kgtll (K. Fahrner, Biogen; B. Hogan, NIMR) were plated, transferred to nitrocellulose filters (Amersham;
Poole. UK), and hybridized to multiprime-labeled (Feinberg and Vogelstein, 1984) human cDNA under low-stringency conditions (35% formamide, 42T). The positive clones were purified according to standard procedures (Maniatis et al., 1982) .
Isolation of RNA and Northem Blotting. RNA was purified from mouse tissues or tissue culture cells by the method of Chirgwin et al. (1979) . Seven pg of each RNA preparation were electrophoresed through 1.3% Agarose in 0.65% formaldehyde and MOPS (20 mM morpholine propane sulfonic acid, 5 mM sodium acetate, 1 mM EDTA, pH 7.0) buffer. The RNA was blotted onto Hybond-N filters (Amersham) and hybridized to multiprimelabeled DNA probes.
Embryonic and Tissue Sections. Mice of the NMRI strain were mated overnight and the day of finding a vaginal plug was designated as Day zero. Embryos were dissected from extra-embryonic tissues and frozen on dry ice. Sections were cut at 8 pm and -12°C in a cryostat, dried for 10 min at 55'C on subbed slides, and fixed in 4% paraformaldehyde. Tissue sections were cut from organs of adult (8-week-old) NMRI mice in the same way as for the embryonic sections.
In Situ Hybridization (ISH). The 2.7 KB EcoRl fragment was cloned into pGEMl (Promega; Madison, WI). In vitro transcripts of both template orientations (sense and anti-sense probe) were synthesized using the T7 RNA polymerase and [3'S]-UTP (>400 Ci/mmol; Amersham). The reaction was done according to the protocol of Holland (1986) . The transcripts were precipitated twice with ammonium acetate to remove the free nucleotides and subjected to limited alkaline hydrolysis (Cox et al., 1984) .
ISH was performed according to Holland (1986) , with the following variations. Before hybridization, sections were rehydrated, rinsed in PBS, acetylated, and again dehydrated in graded ethanol. Probes were diluted in hybridization buffer (50% formamide, 10% dextran sulfate, 0.3 M NaCI, 10 mM Tris-HCI, pH 7.5, 10 mM pH 6.8, 5 mM EDTA, 100 mM MT, 1 x Denhardt's solution, 10 pM Thio-UTP, 0.5 pg/pl heparin, and 3 pglpl tRNA (E. coh) to a specific activity of 5-10 x lo4 cpmlpl. The volume of the hybridization mix used for one section depended on the size of the coverslip, approximately 10 pl per cm2. Hybridization was performed overnight at 45'C in a humid chamber. Slides were washed in 50% formamide, 2 x SSC, 10 mM P-mercaptoethanol at 45'C. digested with pancreatic RNAse A (8 pglml) for 1 hr at 37'C, and washed again four times for 30 min in 2 x SSC, 10 mM p-mercaptoethanol, and twice for 30 min in 0.1 x SSC, 10 mM B-mercaptoethanol at 65'C. After dehydration in graded ethanol containing 0.3 M ammonium acetate, slides were dipped in LM1 photoemulsion (Amersham), according to the manufacturer's manual, and exposed for 4-10 days. Slides were developed and stained with Giemsa or cresyl violet.
Isolation ana' Characterization of a cDNA Clone
for Mouse LAP By screening 1 x lo6 plaques of a mouse embryonic cDNA library in hgt 10 with the human cDNA (Pohlmann et al., 1988) , three clones were obtained. The longest of these clones (me 2/3, 7 KB) was further characterized (Figure 1 ). The 3.7 KB start with a 1266 BP open reading frame containing the coding information for the LAP, except for the first two amino acids of the signal peptide. This was deduced from comparison with the sequences of the cDNAs for human (Pohlmann et al., 1988) and rat (Himeno et al., 1989) LAP, which are 84% and 94% identical, respectively, with that of the mouse LAP. The deduced amino acid sequence of the translated region of me 2 shows 89% identity with the human and 96% identity with the rat LAP amino acid sequences, respectively (Geier et al., 1991) . The 3'UTR, which was only partially sequenced, ends with a sequence of 12 adenine residues, while a typical polyadenylation signal 10-30 residues upstream of that potential poly(A)tract is missing. The 2.4 KB 3' UTR contains two EcoRl sites ( Figure 1 ). To exclude a cloning artifact, we hybridized a Southern blot of mouse genomic DNA with Fragments A and E (Figure l) , representing the 5' and the 3' end of me 2. Both hybridizations showed overlapping patterns (Table I) , indicating that the whole clone me 2 belongs to the LAP gene.
mRNA Analysis
The 2.7 KB EcoRl fragment (A) of me 2 recognizes three RNA species of 5.2, 3.2, and 2.3 KB length ( Figure 2 ). To analyze the relation of the three ,RNA species to the clone me 2, the Northern blot was hybridized with fragments of clone me 2, representing its 5' end (Fragment B) or various portions of its 3'UTR (Fragments C-E; see Figure 1 ). The 5' Fragment B recognized the 5.2, 3.2, and 2.3 KB RNA species; the Fragment C hybridized only to the 5.2 and 3.2 KB species, while the most 3' fragments D and E recog nized only the 5.2 KB species (Figure 2 ). Sequencing identified two potential polyadenylation signals. The first is located at position 1383 (AATGAA) about 120 BP downstream of the termination codon and the other (AATAAA) at 2.6 KB on Fragment C ( 
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ure 1). The hybridization pattern of Fragments B-E suggests that the two potential polyadenylation signals are used for the generation of the 2.3 and 3.2 KB RNA species. Figure 3 shows a Northern blot of total RNA of different mouse tissues hybridized to the Fragment A of me 2. All three RNA species were detected in all tissues. The 3.2 KB RNA is expressed in comparable amounts in the analyzed tissues (the very faint signal in muscle tissue RNA is due to the lower amount of RNA loaded onto the gel). In brain, lung, and Ltk-cells, high levels of the 5.2 KB RNA species were observed. The 2.3 KB RNA is a minor species in most tissues, and only in testis, kidney and Ltk-cells are significant amounts of this RNA species present.
In Situ Hybridization of Mouse Essues
In liver. kidney, and placenta we observed a uniform labeling of h e with no cell-specific accumulation of LAP mRNA (not shown). In contrast, a non-uniform expression of LAP was found in brain and testis tissue.
Exprrssion of LAP mRNA in Brain. Remarkable regional di#erences in the expression of LAP mRNA were detected in brain (Figures 4 and 5) . Strong signals were seen in the hippocampal pyramidal cell layer. the granule cell layers of the dentate gyrus and cerebellum. and in the choroid p l w s e s (Figure 4) . Relatively strong signals were also present in the thalamus. Although we were unable to resolve all thalamic nuclei, regions with more label (paratenial thalamic nucleus; FT) and others with less label (reticular thalamic nucleus; RT) could be distinguished. Further positive regions were the primary olfactory cortex, entorhinal cortex, hypothalamus, substantia nigra (reticular part), pontine nuclei, and the cuneiform nucleus. The overall expression in the neocortex was less than in paleocortical regions. Very low expression of LAP was found in all regions of white matter (fibre tracts of the brainstem. cerebellar pedunculi, subcortical white matter) and also in layers mainly composed of unmyelinated axons as the cortical Lamina I and the cerebellar molecular layer. At higher magnification (Figures 5a-5d ). hybridization signals could be attributed to neuronal cell bodia (e.g.. Purkinje cells, pyramidal cells), whereas glial cells (astrocytes. oligodendrocytes) appeared only slightly positive. In the choroid plmuses the bulk of signal was detected in the epithelial cells, whereas lining cells of the ependyma were inconspicuous (Figure 5d ). Somatic cells are the interstitial, steroid-producing Leydig cells and the intratubular Sertoli cells. The testis tubules contain the spermatogonia, the spermatocytes that undergo meiosis, and the haploid spermatids that mature to spermatozoa. In mouse testis, tubules can be classified into 12 different stages, each exhibiting a different composition of germ cells (Oakberg, 1956) .
Expression
In situ hybridization of testis sections with the mouse LAP probe showed that all testis cells were expressing LAP but that some seminiferous tubules displayed a more intense signal, indicating that some germ cells express higher amounts of LAP mRNA. mice was hybridized with the me 2 probe (Figure 6a ). Between Days 19 and 21 the LAP mRNA increased three-to fourfold. The increase was most prominent for the 2.3 KB species (sevenfold) and was less for the 3.2 and 5.2 KB species (four-and twofold, respectively). From Day 21 onward the amount and pattern of LAP mRNA closely resembled that of adult testis. Hybridization of the same blot with a probe for protamine I, a gene expressed exclusively in haploid cells of spermatogenesis (Kleene et al., 1983) , showed a signal only at Day 27 and in adult testis RNA (Figure 6b ). In testis RNA from Days 22.24, and 25 mice, the beginning of protamine I expression was observed on Day 24 (not shown).
Expression of LAP mRNA During Mouse Development
A Northern blot of total RNA ofdifferent embryonic stages showed the pmence of all three LAP mRNA species in RNA preparations from Day 11.5-17.5 embryos. The 3.2 KB mRNA species repments the main message in all five developmental stages (Figure 7) . In the Day 17.5 RNA preparation, the amount of LAP message is slightly decreased. In situ hybridization of sections from Day 9.5, 11.5, 13.5, 15.5, and 17.5 e m b r y o s s h d a relatively homogeneous distribution of LAP mRNA in all embryonic tissues, with the exception ofthe neural tube (Figure 8) . At earlier stages (Days 9.5-13.5; Figures 8a-8d ). a higher expression in the neura! tube than in other tissues was evident. At Day 15.5 the level of expression was only slightly higher (Figure 8e ). and at Day 17.5 (not shown) it was comparable to that of other tissues.
Discussion
An almost full-length cDNA clone for mouse LAP (Geier et al.. 1991 ) was used for LAP expression studies in mouse by Northern blotting and in situ hybridization. The mouse cDNA me 2 tecognizes three diffitrent mRNA species of 2.3, 3.2, and 5.2 KB. Hybridization with fragments of clone me 2 showed that the three RNA species differ in the length of their 3' UTR. Partial sequencing of the 3' UTR identified two potential polyadenylation signals which may be used for generation ofthe 2.3 and 3.2 KB RNAspccies.
A potential polyadenylation signal for the 5.2 KB mRNA could not be identified. Although clone me 2 ends with 12 adenine 5, (b,c) 11.5. (d,f) 13.5. and (e) 15.5 day-old embryos hybridized to (a,b,d,e) residues, no polyadenylation signal at an appropriate distance could be detected, and we suggest that the adenines are not part of a poly(A)tail but belong to the 3'UTR and were sufficient for oligo-dT priming during first-strand synthesis.
Knowledge about the genomic structure of the mouse LAP gene is necessary to define the transcription initiation sites of the LAP RNA species. It is yet unclear whether the three messages result from the use of different transcription initiation and termination sites or only from different termination sites.
The three kinds of mRNA are expressed differentially in the various tissues analyzed. The 3.2 KB message seems to be the main message, except for some tissues in which the 5.2 KB (brain, lung, Ltk-cells) or the 2.3 KB (testis, kidney, Ltk-cells) mRNA expression reaches comparable amounts. Altogether, the total level of LAP mRNA in different tissues is similar, but the patterns of the three RNA species differ.
The promoter structure of LAP is typical of a housekeeping gene, and LAP activity has been found in all tissues and cells examined. In agreement with its presumed function as a housekeeping gene, we found a ubiquitous and fairly homogeneous expression of the LAP gene in most mouse tissues by in situ hybridization. Only in testis and brain was a cell type-dependent expression of LAP found.
In testes of mice from Day 13 to 27, expression of LAP rose threeto fourfold at Day 21, and the pattern of RNA forms shifted to that of postpubertal mice. The rise of LAP expression preceded the onset of protamine I expression by 2 days. Protamine I expression is restricted to the post-meiotic stages of spermatogenesis and begins in early spermatids (Kleene et al., 1983) . This indicates that expression of LAP is enhanced during the final stage of meiosis in cells such as late pachytene primary spermatocytes and secondary spermatocytes. The level of LAP mRNA remained constant from Day 22 onward despite the continuous increase of post-meiotic germ cells after Day 22. This suggests either that the LAP expression is increased only transiently between Days 21 and 22 or that after Day 22 the increased expression is compensated for by a higher rate of degradation of LAP mRNA. In agreement with the transient increase of LAP expression during the late meiotic stages of spermatogenesis is the in situ hybridization of adult testis. Tubules containing the haploid stages of spermiogenesis are poor in LAP mRNA, whereas tubules harboring the diploid stages of spermatogenesis give a strong LAP mRNA signal.
During embryonic development, LAP expression is increased in neuronal tissues as compared with other tissues between Days 9.5 and 13.5. In older embryos the preferential expression in the neural tube disappeared; Day 17.5 embryos, similar to adult mice, showed a uniform distribution of LAP mRNA in all tissues.
In the adult brain LAP mRNA is expressed at very high levels in pyramidal cells of the hippocampus, in granular cells of the dentate gyrus, in Purkinje cells of cerebellum, and as the only nonneuronal cell type in epithelial cells of plexuses. In addition, the neurons in other brain areas express higher amounts of LAP mRNA per unit cell azea than do glial cells, which are only slightly labeled. This suggests that LAP fulfills specific functions in neuronal cells.
In many reports of in situ hybridization, remarkably high levels of expression of the respective genes were noted in hippocampal neurons and in Purkinje cells. For example, PDGF A-chain gene is expressed in most if not all neuronal cells, but expression is especially high in Purkinje cells and in hippocampal neurons (Yeh et al., 1991) . The same holds true for C/EBP, a transcription factor for hepatocyte-specific expression (Kuo et al., 1990) and different G-protein subunits (Largent et al., 1988) . Aldolase C "A, the transcript of a brain-specific gene, also showed especially high levels in Purkinje cells (Popovici et al., 1990) . It is therefore open to question whether the high expression of LAP in Purkinje cells and hippocampal neurons points to a specific function of LAP in these cells or merely reflects the high transcriptional activity of these cells.
The biological relevance of differential LAP expression among cell types is obscure, owing to the fact that neither the biological function of the LAP nor its natural substrate(s) are known. The view that LAP is responsible for the cleavage of mannose-6phosphate residues on lysosomal enzymes has been disproven (R. Bresciani, personal communication). Because no mutant or cell line deficient for LAP has been reported, insight into the function of the LAP depends on the establishment of an animal model in which the LAP gene is disrupted by homologous recombination.
In the present study we observed a tissue-specific distribution pattem for the three LAP mRNA forms and increased levels of LAP mRNA in few cell types, such as late spermatocytes and neuronal cells. It remains to be determined whether all LAP mRNA forms are translationally active and to what extent the higher mRNA levels correlate with higher LAP activity.
